Gene expression in Plasmodium falciparum is tightly regulated to ensure successful propagation of the parasite throughout its complex life cycle. The earliest transcriptomics studies in P. falciparum suggested a cascade of transcriptional activity over the course of the 48-hour intraerythrocytic developmental cycle (IDC); however, the just-in-time transcriptional model has recently been challenged by findings that show the importance of post-transcriptional regulation. To further explore the role of transcriptional regulation, we performed the first genomewide nascent RNA profiling in P. falciparum. Our findings indicate that the majority of genes are transcribed simultaneously during the trophozoite stage of the IDC and that only a small subset of genes is subject to differential transcriptional timing. RNA polymerase II is engaged with promoter regions prior to this transcriptional burst, suggesting that Pol II pausing plays a dominant role in gene regulation. In addition, we found that the overall transcriptional program during gametocyte differentiation is surprisingly similar to the IDC, with the exception of relatively small subsets of genes. Results from this study suggest that further characterization of the molecular players that regulate stage-specific gene expression and Pol II pausing will contribute to our continuous search for novel antimalarial drug targets.
INTRODUCTION
As one of the world's deadliest infectious diseases, malaria is responsible for ∼438 000 deaths annually, the vast majority of which occur among children under the age of five (1) .
Of the five Plasmodium species that can cause malaria in humans, P. falciparum is responsible for the most severe form of malaria and causes about 90% of all malarial deaths (1) . Currently, no approved efficient protective vaccine is available for disease prevention, and the rapid development of parasite resistance to current antimalarial drugs is a major challenge for the control of malaria. Therefore, a better understanding of the parasite's biological system is required to identify novel drug targets and to further combat the disease.
Plasmodium falciparum has a complex life cycle involving multiple phases in its human and mosquito hosts. The stage responsible for clinical malaria is the intraerythrocytic developmental cycle (IDC). In this cycle, the parasite replicates asexually inside red blood cells and develops through ring, trophozoite and schizont stages to multiply into 16-32 daughter parasites (2) . During the IDC, environmental stress can induce sexual differentiation of parasites into male and female gametocytes. Gametocytes are morphological and functionally different from asexual parasites. Mature gametocytes, ingested by a mosquito, undergo sexual replication in the mosquito midgut and further develop into the salivary gland sporozoites that can be transmitted to a new human host. Formation and carriage of gametocytes is key to disease transmission.
This multi-stage life cycle of the parasite is highly finetuned, presumably by strict control of stage-specific gene expression. In eukaryotes, stage-specific regulation of gene expression can be a combined effect of transcriptional, posttranscriptional and translational control. In P. falciparum, the nature and the contribution of mechanisms regulating gene expression are still poorly understood. Compared to organisms with similar genome size, only one-third of the expected number of specific transcription factors (TFs) and few mediator subunits have been uncovered in the P. falciparum genome (3, 4) . Recently, an apicomplexan-specific family of proteins containing AP2 DNA binding domains (ApiAP2) has been identified in apicomplexan parasites as the major group of putative sequence-specific transcription factors (5) (6) (7) (8) . While their number is relatively small (27 in the P. falciparum genome), they are likely to act as master regulators of transcription during parasite development. However, it remains unclear how such a limited number of TFs can generate complex patterns of gene expression in multiple life cycle stages.
Accumulating evidence suggests that P. falciparum uses chromatin structure as a basal control for transcriptional initiation. Genome architecture studies (9, 10) showed that chromatin is relatively closed during the ring and schizont stages, but opens substantially during the trophozoite stage, providing a transcriptional permissive state. This open-andclosed binary chromatin activity is also reflected in nucleosome occupancy studies (11) (12) (13) and histone abundance levels (14) (15) (16) . Nucleosome density is relatively low at the trophozoite stage, but maintained high at early ring and late schizont stages. In addition, studies using chromatin immunoprecipitation directed against RNA polymerase II (Pol II) and coupled to genomic DNA microarrays (ChIPon-chip) indicate that Pol II is divided into a bi-phasic occupancy throughout the parasite IDC (17) .
Controversially, such chromatin structure rearrangement activity and Pol II profiling do not correlate well with previously observed complex patterns of gene expression profiles constructed from steady-state mRNA (18) (19) (20) (21) (22) . The cascade of gene expression observed at the steady-state mRNA level led to a 'just-in-time' model suggesting mRNA is produced when the encoded protein is required during the cell cycle. However, comparative genomics analysis of steady state mRNA and protein profiles of different P. falciparum stages showed a significant delay between peak of mRNA and protein levels for 30-40% of the analyzed genes (14, 23) , supporting a model of 'just-in-time' translation for some mRNAs. Recently published novel genome-wide approaches that compared steady-state mRNA with polysome-associated mRNA or ribosomal occupancy of mRNAs have also provided a good indicator of active protein production and further validated the model of 'just-in-time' translation for specific subsets of genes (19, 24) . In particular, this was true for proteins involved in remodeling of the erythrocyte just after parasite invasion.
The paucity of transcription factors (25) , the lack of identified DNA regulatory elements (26) together with the weak correlation between chromatin-remodeling events, Pol II occupancy, and steady-state mRNA levels, suggested significant post-transcriptional mechanisms regulating the parasite development. However, when Plasmodium genes are exactly transcribed and how many of them are regulated at the post-transcriptional level to generate the cascade of steadystate mRNA observed throughout the parasite life cycle remains to be determined.
MATERIALS AND METHODS

Parasite culture
Parasite strain, P. falciparum 3D7, was cultured at ∼8% parasitemia in human erythrocytes at 5% hematocrit in a total culture volume of 25 ml as described in (27) . To obtain highly synchronized cultures for the asexual stages, two 5% D-sorbitol treatments were performed eight hours apart at the ring stage. Parasites were collected every 6 h covering early ring, late ring, early trophozoite, late trophozoite, early schizont and late schizont stages. Giemsa-stained blood smears were used to assess parasite developmental stages. To obtain gametocyte-stage parasites, P. falciparum strain NF54 was cultured as described previously (28) . In brief, parasites were first synchronized using 5% sorbitol lysis buffer and diluted to reach 0.5% parasitemia at 8.3% hematocrit the following day. A reduction of culture media to 10 ml for three subsequent days was used as a way to stress the parasites and induce gametocyte production. Culture volume was then returned to 25 ml per flask. During the next 5 days, cultures were maintained by daily media exchange using media containing 10 ml of 50 mM N-acetyl glucosamine (NAG) to remove asexual stage parasites. Gametocyte cultures at 2% parasitemia were harvested 10 days (stage III) or 14 days (stage V) after the start of this procedure.
Nuclear isolation
Nuclear isolation was performed as described in (13, 29) . Parasite pellets were resuspended in 1 ml of nuclear extraction buffer (10 mM Tris-HCl pH 7.5, 2 mM MgCl 2 , 3 mM CaCl 2, 250 units of SUPERaseIn (Ambion), 10% glycerol and 0.5% Igepal CA-360 (Sigma-Aldrich, St. Louis, MO, USA)) and incubated on ice for 10 min. Parasites were then mechanically lysed by passing the suspension fifteen times through a 26G 1 2 inch needle. Nuclei were pelleted by centrifugation for 20 min at 2500 × g at 4
• C and resuspended in 1 ml of nuclear extraction buffer, followed by gently pipetting up and down 10 times. Nuclei were centrifuged for 20 min at 2500 × g at 4
• C and resuspended in 100 l of storage solution (50 mM Tris-Cl pH 8, 5 mM MgCl 2 , 0.1 mM EDTA, 40% glycerol and 50 units of SUPERaseIn).
Nuclear run-on reaction
Nuclei (100 l) were incubated with 600 l of nuclear runon reaction buffer (10 mM Tris-Cl pH 8.0, 5 mM MgCl 2 , 1 mM DTT, 300 mM KCl and 200 units of SUPERaseIn, 1% sarkosyl, 4 mM ATP, 1 mM CTP, 1 mM GTP, 200 mM ethylene uridine (EU) (Click-it Nascent RNA Capture Kit, Thermo Fisher), 400 mM creatine phosphate and 0.2 mg/ml creatine kinases) adopted and modified from (30, 31) . Reaction mixtures were incubated for 30 min at 37
• C followed by nuclear RNA isolation.
Base hydrolysis of nuclear RNA
Base hydrolysis was performed as described in (30) . For each 20 l of RNA, 5 l of 1M NaOH is added and incubated for 15 min on ice. The reaction was neutralized with 25 l of 1 M Tris-Cl pH 6.8. Fragmented RNA was precipitated by adding 4 l glycogen, 75 l 5 M ammonium acetate and 700 l 100% ethanol).
Nucleic Acids Research, 2017, Vol. 45, No. 13 7827 Nascent RNA purification and cDNA preparation Nascent RNA was purified from total nuclear RNA samples using the Click-iT Nascent RNA Capture Kit (Thermo Fisher) according to the manufacturer's instructions. In brief, biotin-azide was attached to ethylene-groups of the EU-labeled RNA using click-it chemistry. The EU-labeled nascent RNA was purified using MyOne Streptavidin T1 magnetic Dynabeads (Life Technologies). The preparation of cDNA was performed using nascent RNA captured on the beads. cDNA synthesis reaction mix (6 g of random hexamer (integrated DNA technologies, Coralville, IA, USA), 2 g of anchored oligo (dT) 20 (Integrated DNA Technologies), 2 l 10 mM dNTP mix (Life Technologies) and 14 l buffer J from Click-iT Nascent RNA Capture Kit (Thermo Fisher) in a total of 20 l volume) was added to the beads and incubated for 10 min at 70
• C, and then chilled on ice for 5 min. Next, a mix of 4 l 10X RT buffer, 8 l 20 mM MgCl 2 , 4 l 0.1 M DTT, 2 l 20 U/l SuperaseIn and 2 l 200 U/l SuperScript III Reverse Transcriptase (all from Life Technologies) was added to the mixture and incubated for 10 min at 25
• C, 50 min at 50
• C, and finally 5 min at 85
• C for first strand cDNA synthesis. To digest RNA and release the first-strand cDNA, 2 l 2 U/l Escherichia coli RNase H (Life Technologies) was added, followed by a 20 min incubation at 37
• C. The beads then were removed using a magnet and first-strand cDNA was used for secondstrand cDNA synthesis by adding 70 l 5× nuclease-free water (Life Technologies), 30 l second-strand buffer (Life Technologies), 3 l 10 mM dNTP mix (Life Technologies), 4 l 10 U/l E. coli DNA Polymerase (NEB) and 1 l 10 U/l E. coli DNA ligase (NEB). The mixture was then incubated for 2 h at 16
• C. Finally, double-stranded cDNA was purified using 1.8× Agencourt AMPure XP beads (Beckman Coulter). Validation PCRs were performed using the primers listed in Supplemental Table S1 .
Library preparation and sequencing
Libraries were prepared using the KAPA Biosystems Library Preparation Kit (KAPA Biosystems, Woburn, MA, USA) according to the manufacturer's instructions with the following modifications for the high AT-content of the P. falciparum genome: the libraries were amplified for 15 PCR cycles (45 s at 98
• C followed by 15 cycles of [15 s at 98
• C, 30 s at 55
• C, 30 s at 62
• C], 5 min 62 • C). Libraries were sequenced on the Illumina HiSeq2500 (Illumina, San Diego, CA, USA) generating 50 bp paired-end sequence reads or the NextSeq500 generating 75 bp paired-end sequence reads.
Sequence mapping
The first 10 bases and the last base or last 20 bases were systematically trimmed from 50 and 75 bp reads, respectively, using FastQ Trimmer from FASTX-Toolkit (http://hannonlab.cshl.edu/fastx toolkit/). Poly-A/T repeats and contaminating adaptor reads were removed using Scythe (https://github.com/ucdavis-bioinformatics/scythe) (32) . Reads containing bases with a quality score below 25 and Ns, reads that were unpaired, and reads shorter than 18 bases were also filtered using Sickle (https://github.com/najoshi/sickle) (33) . In addition, high quality single reads that lost their mate pair during read processing were kept and mapped as single-end reads in parallel with paired-end reads. All trimmed reads were first mapped to the human genome version hg19 (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/) using Bowtie 2 (34) , and all non-human reads were further mapped to P. falciparum 3D7 genome v13.0 (www.plasmoDB.org) using TopHat2 (35) allowing a maximum of one mismatch per read segment and a segment length of 18. Finally, reads that mapped to multiple locations in the genome (samtools v0.1.19), paired-end reads that were not properly paired (samtools v0. 1.19) , reads that were PCR duplicates (MarkDuplicates, Picard Tools v1.114), and reads that mapped to ribosomal RNA or transfer RNA were discarded from the final working reads.
Calculation of normalized gene expression values
Raw genome-wide coverage profiles were generated using BEDtools (36) . For each stage, numbers of mapped reads from both single-ended mapping and paired-end mapping were combined. For each gene, we then calculated the number of reads that mapped to its exons, and normalized these read counts by GC content and the sum of exon lengths using R package EDASeq (37) . Spearman correlations between biological replicates were calculated using the EDASeq normalized exon counts. For biological replicates that were highly correlated (Spearman R > 0.85), bam files were merged using Samtools v0.1.19 (38) and the normalized exon count was recalculated. Genes with an average exon read count <2 at all stages were considered not expressed and were removed from the data set. To accurately measure transcriptional activity at each stage, we normalized the exon read count to the amount of RNA yield per parasite. A stage-specific scaling factor was calculated for each library by dividing the total number of filtered reads by the amount of RNA extracted per 1 flask of parasiteinfected culture. In addition, we corrected for differences in parasitemia by multiplying by a parasitemia factor that was calculated as the highest parasitemia in any stage divided by the parasitemia in the stage of interest. In order to compare libraries between stages, we re-standardized the normalized read counts of each library X relative to the normalized read counts of the library with the smallest number of filtered reads. All of these calculations were performed using the following equation:
The final abundance value of each gene was presented as the normalized exon read count per kilobase gene model divided by the scaling factor of that stage (Supplemental Table S1 ). A gene with an abundance value <15% of the median at all stages was considered not expressed and was discarded for further analysis.
Cluster and GO enrichment analysis
All genes that showed >2-fold change in the normalized exon read count across the IDC stages were used for cluster analysis. For each gene, abundance values at the six different stages were z-scored, followed by k-means clustering in R (version 3.2.4) with a maximum of 1000 iterations. The number of clusters used in this analysis was guided by the percent of variance captured (within group sum of squares). The optimal number of cluster was determined as the smallest number of clusters that captured at least 75% of the variance. For each cluster, gene ontology enrichment was performed using R package goseq (39) . All GO terms with a P-value <0.001 were reported.
PCR validataion for GRO-seq cluster analysis
Four sets of primers were designed to amplify genes that are highly transcribed at the ring stage cluster (membrane associated histidine-rich protein, MAHRP1, PF3D7 1370300), trophozoite stage (trophozoite exported protein 1, TEX1, PF3D7 0603400), schizont stage (rhoptry-associated membrane antigen, RAMA, PF3D7 0707300), and a gene that did pass through filtration threshold (putative pyridine nucleotide transhydrogenase, PNT, PF3D7 1453500). PCR amplification was performed using cDNA library samples from early ring (ER), late ring (LR), late trophozoite (LT) and late schizont (LS) stage alone with a control sample with no DNA template (No Temp). As different amount of parasite was used for nascent RNA isolation at each stage, we first diluted each library sample parasite extracted from two culture flasks (∼20 9 parasites). All four PCRs were performed using 1 l of the diluted cDNA library sample with ∼10 pmol of both forward and reverse primers. DNA was incubated for 5 min at 95
• C, then 30 s at 98
• C for 35 cycles. 5 l of each PCR sample was used for agarose gel electrophoresis. For each primer set, PCR efficiency was tested using genomic DNA under the same amplification conditions as described above. All primer used for PCR validation are listed in the Supplemental Table S1 .
Immunofluorescence microscopy
Plasmodium falciparum asexual stage parasites were fixed onto slides using 4% paraformaldehyde for 30 min at RT. Slides were washed three times using 1× PBS. The parasites were permeabilized with 0.1% Triton-X for 30 min at RT, followed by three washes with 1× PBS. Samples were blocked overnight at 4
• C in IFA buffer (2% BSA, 0.05% Tween-20, 100 mM glycine, 3 mM EDTA, 150 mM NaCl and 1× PBS). Slides were incubated for 1 h at RT with anti-RNA polymerase II CTD phospho serine 2 antibody (Abcam ab5095; 1:250) followed by an incubation with donkey anti-rabbit dylight 550 antibody (Abcam ab98489; 1:500) for 1 h at RT. Slides were washed with 1× PBS and mounted using Vectashield mounting medium with DAPI. Images were acquired using the Olympus BX40 epifluorescence microscope.
Chromatin immunoprecipitation
Synchronized parasite cultures were collected and subsequently lysed by incubating in 0.15% saponin for 10 min on ice. Parasites were centrifuged at 3234 × g for 10 min at 4
• C, and washed three times with PBS. For each wash, parasites were resuspended in cold PBS and centrifuged for 10 min at 3234 × g at 4
• C. Subsequently, parasites were crosslinked for 10 min with 1% formaldehyde in PBS at 37
• C. Glycine was added to a final concentration of 0.125 M to quench the crosslinking reaction, and incubated for 5 min at 37
• C. Parasites were centrifuged for 5 min at 2500 × g at 4
• C, washed twice with cold PBS and stored at -80
• C. For chromatin immunoprecipitation, parasites were first incubated on ice in nuclear extraction buffer (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche)). After 30 min, Igepal CA-360 (Sigma-Aldrich) was added to a final concentration of 0.25% and the parasites were lysed by passing the suspension through a 26 G 1 2 inch needle seven times. Parasite nuclei were centrifuged at 4
• C for 20 min at 2500 × g. Parasite nuclei were resuspended in shearing buffer (0.1% SDS, 1 mM EDTA, 10 mM Tris-HCl pH 7.5, EDTA-free protease inhibitor cocktail and phosphatase inhibitor cocktail). Chromatin was fragmented using the Covaris Ultra Sonicator (S220) for 10 min with the following settings; 5% duty cycle, 140 intensity peak incident power, 200 cycles per burst). To remove insoluble material, samples were centrifuged for 10 min at 17 000 × g at 4
• C.
Fragmented chromatin was diluted 1:1 in ChIP dilution buffer (30 mM Tris-HCl pH 8, 3 mM EDTA, 0.1% SDS, 300 mM NaCl, 1.8% Triton X-100, EDTA-free protease inhibitor cocktail and phosphatase inhibitor cocktail). Samples were precleared with Protein A Agarose beads to reduce non-specific background and incubated overnight at 4
• C with 2 g of anti-RNA pol II antibody (ab5095, Abcam). A sample with no antibody was also incubated overnight at 4
• C to be used as the negative control. Antibody-protein complexes were recovered using Protein A Agarose beads, followed by extensive washes with low salt immune complex wash buffer, high salt immune complex was buffer, LiCl immune complex wash buffer and TE buffer. Chromatin was eluted from the beads by incubating twice with freshly prepared elution buffer (1% SDS, 0.1 M NaHCO 3 ) for 15 min at RT. Samples were reverse crosslinked overnight at 45
• C by adding NaCl to a final concentration of 0.5 M. RNase A (Life Technologies) was added to the samples and incubated for 30 min at 37
• C followed by a 2 h incubation at 45
• C with the addition of EDTA (final concentration 8 mM), Tris-HCl pH 7 (final concentration 33 mM) and proteinase K (final concentration 66 g/ml; New England Biolabs). DNA was extracted by phenol:chloroform:isoamylalcohol and ethanol precipitation. Extracted DNA was purified using 1.8× Agencourt AMPure XP Beads (Beckman Coulter). Validation PCRs were performed using the primers listed in Supplemental  Table S4 .
Libraries from the ChIP samples were prepared using the KAPA Library Preparation Kit (KAPA Biosystems). Libraries were amplified for a total of 12 PCR cycles ( 
Histone variants and nucleosome occupancy analysis
Sequence read files of MNase-digested chromatin (input), H2A.Z, H3K4me3 and H3K9ac ChIP-seq data sets (GSE23787) (40) and a nucleosome occupancy data set (SRP026365) (13) were downloaded from NCBI Sequence Read Archive. For H2A.Z, H3K4me3, K3K9ac and input data sets, reads were mapped directly to P. falciparum 3D7 genome v13.0 (www.plasmoDB.org) using Bowtie 2 (34). Non-uniquely mapped reads and PCR duplicates were discarded from final working reads. Coverage depth was first normalized to million mapped reads and was expressed as the ratio between sample and input. The nucleosome occupancy data set was mapped and normalized as described in the original publication (13) . The normalized read coverage in the 500 bp upstream of the annotated ATG was calculated and used to generate heatmaps using the command pheatmap in R.
Motif identification
Two motif-discovery programs were used in this study to identify over-represented DNA motifs upstream of gene start site (ATG) of genes within each nascent cluster. A region of 1,000 bp upstream of the coding region was used for this search, based on the reported distribution of transcription start sites (41) (81% of TSS are located within 1000 bp of the coding region). Genes that were located <1000 bp from their 5 neighboring gene were removed from the analysis. MEME-ChIP runs two de novo motif identification algorithms, MEME and DREME. The parameters used for MEME algorithm were minw = 7, maxw = 12 in zoops mode with E-value ≤ 1e-01. The parameters used for DREME and CentriMo, a motif enrichment analysis algorithm included in the MEME-ChIP package, were the default parameters:-dreme-e 0.05 -centrimo-score 5.0 -centrimo-ethresh 10.
RESULTS
Generation of nascent RNA profiles for the P. falciparum blood stages
In this study, we explored gene expression in P. falciparum at the initiation level using a modified global run-on sequencing (GRO-seq) methodology (30, 31) that specifically captures newly transcribed RNA (nascent RNA) in a genomewide manner. An overview of the GRO-seq methodology is presented in Figure 1A . We have generated eight genome-wide nascent RNA profiles covering six asexual stages across the IDC, and early (stage II/III) and late (stage IV/V) gametocyte stages. To optimize the protocol, we determined that a minimum of 30 min incubation period was required to obtain sufficient nascent RNA from the in vitro transcription reaction (Supplemental Figure S1A) . Several additional quality controls were implemented to further validate the GRO-seq methodology. First, experimental noise was measured by performing the nuclear runon reaction in the presence of unmodified uridine (Supplemental Figure S1B ). This negative control yielded extremely low amounts of RNA (Supplemental Figure S1B ) and low genome coverage (<1-fold) after sequencing (Supplemental Figure S1C ), confirming minimal DNA and nonnascent RNA contamination using GRO-seq methodology. Second, to confirm that the nuclear run-on reaction generates nascent RNA in a stage-specific manner, we performed our assay on tightly synchronized trophozoite-stage parasites and observed that TEX1 gene (trophozoite exported protein 1; PF3D7 0603400) was highly transcribed, while no signal was obtained for a sporozoite-specific gene, STP (putative serine/threonine protein kinase; PF3D7 0107600) (Supplemental Figure S1B) . Finally, we generated two biological replicates for five of the IDC stages, which showed high Spearman correlation coefficients ranging from 0.88 to 0.95 (Supplemental Figure S1D ), confirming the reproducibility of the GRO-seq methodology. Together, these results indicate that our experimental approach is efficient, reproducible, and has minimal background noise. Upon sequencing of the GRO-seq libraries, we obtained between 670 456 and 11 903 568 mapped and filtered reads per stage after combining biological replicates, corresponding to 1.46-25.88-fold exome-coverage. To be able to directly compare gene expression levels between the various stages, we corrected for differences in the number of parasites used as input for the nuclear run-on reaction. This normalization was achieved by dividing the coverage read depth at each base pair by a stage-specific scaling factor that was based on, among others, the culture volume and parasitemia at the time point of harvest (see Material and Methods and Supplemental Table S1 ).
A global picture of transcriptional activity in the blood stages
Overall, GRO-seq data revealed that transcriptional activity exhibited a bell curve shape during asexual cycle, from extremely low global transcriptional activity at the early ring stage, via slightly increased transcription at the late ring stage to a strong peak of transcription at the early and late trophozoite stages. Finally, transcriptional activity decreases again as the parasite progressed into the late schizont stage ( Figure 1B , Supplemental Figure S2 and Supplemental Figure S3 , and Supplemental Table S2 ). This bellcurved pattern was validated using Immunofluorescence microscopy capturing RNA polymerase II abundance levels at single-cell resolution ( Figure 1C ). In addition, our GROseq data indicates that transcriptional activity was high in early gametocytes and subsequently decreased in late gametocytes ( Figure 1B , Supplemental Figure S2 and Supplemental Figure S3 , and Supplemental Table S2 ). A total of 5207 genes (99% of all protein-coding genes) were detected in at least one of the eight stages sampled in this study (Supplemental Table S1 ), while 77 genes did not reach our threshold. These genes included genes expressed on the RBC surface (var, surfin) and genes expressed in other stages of the parasite life cycle, such as sporozoite invasion- In brief, parasites were extracted from highly synchronized cultures followed by extraction of the nuclei. Transcription was allowed associated protein 1 and liver specific protein 1 putative (LISP1).
Cluster analysis of transcriptional profiles across the P. falciparum asexual cell cycle
We identified a total of 5,187 genes expressed at any time point during the IDC, which were grouped into nine distinct clusters based on their nascent transcriptional profile across the IDC ( Figure 1D and Supplemental Table S1 ). The large majority of genes (n = 4,607; 89%) were most abundantly transcribed at the trophozoite stage, while 532 genes (10%) showed a high level of transcription at the schizont stage and 48 genes (1%) were most highly transcribed at the ring stage. We observed enrichment in Gene Ontology (GO) terms associated with host cell remodeling among the earliest transcribed genes (clusters A1 and A2) including several PHISTb and early transcribed membrane proteins (ETRAMPs) ( Figure 1D , Supplemental Table S1 , and Supplemental Table S3 ). Six out of 25 AP2 TFs detected during the IDC were most highly transcribed at these early stages, suggesting that these TF could be involved in driving this first wave of transcriptional activity. Genes that were most highly transcribed at the late trophozoite stage (clusters A3-A7) were associated with biological processes that are known to occur at this stage, such as translation and DNA replication. The earliest of these subsets of genes (cluster A3) included PfAlba1, as well as 16 putative RNAbinding proteins, and showed GO enrichment for 'nucleic acid binding' and 'RNA binding'. Genes involved in pathogenesis associated with GO terms such as 'cell adhesion molecule binding' and 'infected host cell surface knob' were enriched at the early schizont stage (cluster A8). Finally, a relatively small number of genes (cluster A9) with strong enrichment for involvement in host cell invasion, such as merozoite surface proteins and rhoptry-associated proteins, were most abundantly transcribed at the late schizont stage. To validate these cluster assignments, we determined the relative transcript abundance for several genes detected at different stages of the IDC using semi-quantitative PCR. Ring, trophozoite and schizont-stage genes all showed a good concordance between PCR results and the GRO-seq cluster analysis. In addition, a gene that did not pass our threshold for expression was also not detected by PCR (Supplemental Figure S4 ). Together, these results indicate that most genes are highly transcribed simultaneously at the trophozoite stage, while only a subset of genes is differentially regulated and transcribed either early in the cell cycle to enable the parasite to establish a hospitable environment inside the erythrocyte, or late in the cell cycle in preparation for merozoite egress and re-invasion.
RNA polymerase II occupancy confirms nascent transcriptional profiles
To further validate our observation of widespread transcriptional activity in trophozoites and targeted transcription of mostly invasion-related genes in schizonts, we determined Pol II occupancy at the early ring, early trophozoite, and late schizont stages using chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq; Supplemental Figure S5 , and Supplemental Table S4 ). Pol II complexes were purified using an antibody that specifically binds to the C-terminal repeat domain with phosphorylated serines in position 2 (Ser2), a sign that Pol II is in a state of active transcription (42, 43) . Using semiquantitative PCR, we verified enrichment of coding regions but not intergenic regions and low experimental noise in our ChIP procedure (Figure 2A ).
Pol II occupancy at the early ring stage was extremely low as compared to other stages, in agreement with the lack of nascent RNA signal at this stage of the cell cycle ( Figure 2B ). Similar to the nascent gene expression profiles, the majority of genes showed the highest Pol II occupancy at the trophozoite stage, while a subset of genes was most highly occupied by Pol II at the schizont stage ( Figure 2B) . A metagenomic analysis showed that the average Pol II occupancy of genes with late schizont expression profiles in GRO-seq (cluster A9) is higher in schizonts as compared to genes in other clusters ( Figure 2C) . Finally, the expression patterns of the Pol II ChIP-seq and GRO-seq data sets are more similar than for either GRO-seq or Pol II ChIPseq and a publicly available steady-state mRNA-seq data set (19) (Figure 2D ). Together, these results validate our GROseq results and confirm that steady-state mRNA levels do not strictly reflect transcriptional activity, but may be subject to post-transcriptional processes, such as degradation and storage.
Transcriptional activity in gametocytes
In early and late gametocytes, the most highly expressed genes encoded ribosomal proteins and proteins involved in movement and motor activity, while the bottom 20% of the genes were enriched for involvement in pathogenesis, erythrocyte remodeling, and antigenic variation (Supplemental Figure S3 and Supplemental Table S2 ). To validate our results for the gametocyte stage, we examined 27 genes that have been shown to be essential for gametocytogenesis (6) . (19) data sets, highlighting the discrepancies between transcriptional activity (measured by GRO-seq and ChIP-seq) and steady-state mRNA abundance. Genes (n = 4888) are ranked in the same order in each heatmap. ER, early ring; LR, late ring; ET, early trophozoite; LT, late trophozoite; ES, early schizont; LS, late schizont.
The majority of these genes (n = 18, 67%) showed the highest transcriptional activity in the gametocyte stages, including the well-established gametocyte-specific makers P. falciparum gamete antigen 27/25 (PF3D7 1302100) and sexual stage-specific protein precursor Pfs16 (PF3D7 0406200) (Supplemental Figure S6) . The remaining nine genes were most highly transcribed at one of the asexual stages, suggesting that the encoded proteins may play an essential role at the earlier stages of gametocytogenesis, but are not highly transcribed after early gametocyte differentiation. We also studied the transcriptional profiles for 686 homologs of P. berghei genes that were known to be transcribed at the gametocyte stage and are subject to translational repression by RNA-binding proteins DOZI and CITH (44, 45) . The majority of these genes were in the top 50% of transcriptional activity at either the early or the late gametocyte stage (n = 537, 78%, P = 0.0001, Chi-square test), while 342 genes (50%, P = 0.0001, Chi-square test) were in the top 25% of transcriptional activity (Supplemental Table S5 ), confirming that these genes are indeed active in gametocytes.
To further compare transcriptional activity between gametocyte stages and asexual stages, we calculated for each gene the fold change between the average nascent RNA abundance values of gametocyte stages and asexual stages, and subsequently divided genes into five groups based on this ratio (Supplemental Table S1 ). Clusters B1 and B2 conNucleic Acids Research, 2017, Vol. 45, No. 13 7833 tain genes that show >4-fold (n = 403) or two-fold (n = 1536) higher transcriptional activity in gametocytes than in the asexual stages, respectively. These groups showed enrichment for genes associated with motility ( Figure 3 and Supplemental Table S6 ), such as several genes encoding dynein subunits and actin-related proteins. Interestingly, many of these genes also showed transcriptional activity during the IDC, albeit at a lower level, but are not detected or present at much lower levels in steady-state mRNA (46) (Figure 3) , suggesting that these transcripts may be degraded during the IDC when they are not needed. Cluster B3 contains a large group of genes (n = 3107) for which transcriptional activity does not change by more than twofold in the transition from IDC to gametocytes, indicating that overall, transcriptional programs of asexual parasites and gametocytes are not very different. This is also demonstrated by the relatively high correlation in GRO-seq data between the trophozoite and gametocyte stages (Spearman R 0.74-0.84, Supplemental Figure S1D ). Finally, genes that were turned off in gametocytes as compared to the asexual stages were enriched for GO terms associated with pathogenesis and cell invasion, in line with our understanding of parasite biology (clusters B4 and B5; Figure 3 ).
Among the genes that were highly upregulated in gametocytes as compared to the IDC (clusters B1) were two AP2 transcription factors: the ookinete-specific transcription factor AP2-O and an AP2 TF with unknown function, PF3D7 1429200 (Supplemental Table S1 ). Six out of eight CPW-WPC proteins that are involved in chromatin remodeling showed >4-fold higher levels of transcription in gametocytes than in asexual stages. In addition, several mRNA-binding proteins were upregulated, including PUF1, PUF2, five RAP proteins with RNA-binding domains that are almost exclusively found in Apicomplexans, and putative RNA-binding protein PF3D7 0716000, which may be involved in posttranslational regulation and stabilization of >10% of the transcriptome that is known to occur in the transition from gametocytes to ookinetes (44, 45) . Finally, a relatively large fraction of genes in cluster B1 were conserved proteins with unknown function (n = 199, 49.4%, P = 0.0001, Fisher's exact test), indicating that we still lack a significant understanding of many of the parasite-specific processes that take place during sexual differentiation. To determine if a common transcription factor motif could be identified in promoters of the genes that were upregulated during gametocytogenesis, we performed a motif search on the 1000 bp upstream of the annotated ATG of genes in clusters C1 and C2 using MEME. When performing the search on the total set of 1939 genes, we identified motifs TGTDC and CATDCA, which both have overlap with previously identified AP2 TF binding motifs (47) (Supplemental Table S7 ).
Nascent transcriptional activity and epigenetic landscape
In other eukaryotes, histone variants and activating histone post-translational modifications (PTMs) are associated with actively transcribed genes. In addition, nucleosome depletion around the transcription start site (TSS) has been shown to be associated with genes that are highly transcribed (11,13,48-51) . To further investigate mechanisms that contribute to regulation of transcriptional initiation, we therefore analyzed previously published H2A.Z, H3K9ac, H3K4me3 ChIP-seq datasets (40) and a nucleosome landscape MNase-seq dataset (13) . These data sets have previously been analyzed for correlation with steadystate mRNA abundance, but not with GRO-seq data. Similar to previous findings (40) , no significant correlation was observed between transcriptional activity and H2A.z or H3K4me3 data sets (Supplemental Figure S7) ; however, a side-by-side comparison of GRO-seq and H3K9ac abundance heatmaps ( Figure 4A ) showed that genes with schizont-stage transcriptional activity tend to have higher H3K9ac marks at the later stage. Nucleosome occupancy in the 500bp upstream of the coding region is relatively high in ring and schizont-stage parasites, while global nucleosome depletion occurs in trophozoites and gametocytes ( Figure  4A , Supplemental Figure S7 , and Supplemental Table S8), as described previously (11, 13) . Taken together, high levels of transcriptional activity at the trophozoite and gametocyte stages correlate well with an open chromatin structure. However, the subset of genes transcribed at the schizont stage does not seem to be regulated by the same changes in chromatin organization that occur at the trophozoite stage.
Nascent transcriptional activity and RNA polymerase II pausing
Recruitment of Pol II and the formation of the pre-initiation complex (PIC) are critical steps in gene activation and subject to strict regulation. However, evidence is emerging that Pol II can also be regulated at the level of early transcription elongation (30, 42, (52) (53) (54) (55) (56) (57) . This elongation control is achieved by pausing of Pol II 30-50 nucleotides downstream of the promoter, and subsequently requires additional positive signals before elongation can be continued. Pol II pausing has previously been studied using GRO-seq data (30, 55, 58) and Pol II ChIP-seq data (mainly on Pol II with Serine 5 phosphorylated CTDs) (58, 59) . To find evidence for Pol II pausing in P. falciparum, we focused on the GRO-seq read coverage profiles in 5 UTR regions. In total, 60-70% of all GRO-seq reads mapped to intergenic regions, including the 5 UTRs (Supplemental Figure S8A) . Similar to previously published GRO-seq datasets from other eukaryotes, we observed a peak in read coverage around the gene start (Supplemental Figure S8B ) that was positively correlated with transcriptional activity (Supplemental Figure S8C ). This pattern has been described to be the result of paused Pol II complexes that were activated during the nuclear run-on procedure. Next, we calculated a ratio, hereafter called pausing index, of sequence read density in the 5 UTR (defined as 500 bp upstream of ATG) to that in the gene body (500 bp downstream of ATG) for each gene at each developmental stage as described by Core et al. (30) . We observed that the average of pausing indexes for all genes is highest at the ring stage, followed by a sharp decrease at the trophozoite stage and a small increase as the parasite enters the schizont stage ( Figure 4B ). These data suggest that Pol II is starting to be engaged with the genome in the ring stage, but is prevented from continuing transcriptional elongation until activation in the trophozoite stage, resulting in a global transcriptional burst. For genes with stage-specific transcription patterns, the Pol II pausing index was lowest in the stage with the highest transcriptional activity (Supplemental Figure S9A) . The negative association between the Pol II pausing index and transcriptional activity are similar to observations in human cells and are believed to be indicative of transcriptional control, where the rate of Pol II engagement to the promoter is higher than the rate of Pol II entering its elongation phase.
In addition to the extended coverage at 5 UTR, we also observed a high read coverage at the 3 UTR regions, again similar to GRO-seq profiles from other eukaryotes (Supplemental Figure S9B ). In yeast (60) , Pol II pausing at the 3 UTR was found to be associated with splicing events. In P. falciparum, we observed that 3 UTR GRO-seq coverage was approximately 1.5-fold higher in multi-exon genes as compared to single exon genes at the late trophozoite stage (P = 1.283e-15, Mann-Whitney U test) ( Supplemental Figure S9B) . These results suggest that splicing may indeed contribute to Pol II pausing at the 3 UTR, but is unlikely to be the only event that triggers pausing of the transcriptional complex at this location.
Comparison between nascent RNA and steady-state mRNA abundance
To measure the degree in which transcriptional and posttranscriptional regulatory mechanisms contribute to global gene expression, we further clustered genes based on both nascent RNA and steady-state mRNA expression profiles, resulting in six distinct clusters ( Figure 4C and Supplemental Table S9 ). For this analysis, we only used the GROseq data that exactly matched the stages available in the steady-state mRNA data set (19) . Out of the 4881 genes that changed in abundance during the cell cycle in both data sets, 2503 genes (58%) showed nearly identical profiles for both data sets (clusters C2, C3 and C6, respectively). In contrast, cluster C4 contains 1126 genes for which transcription peaked in late trophozoite stage, but that were continuously detected until the late schizont stage in steady-state mRNA, indicating that these transcripts undergo partial stabilization. This cluster showed enrichment for genes involved in protein metabolism (Supplemental Table S9 ). In addition, cluster C5 (n = 719) and C1 (n = 197) showed an even larger discrepancy between the moment of transcription and the time point of highest abundance in steady-state mRNA, suggesting that these transcripts are the subjects of strong post-transcriptional regulation. The small group of genes that was previously identified as ring-stage specific (cluster C1) enriched for involvement in erythrocyte remodeling also showed transcriptional activity at the trophozoite stage, suggesting that these transcripts might be transcribed later in the cell cycle and stored long-term until the next round of erythrocyte invasion.
For the clusters with genes that do not seem to be subject to post-transcriptional regulation and are most likely controlled at the level of transcription (clusters C2, C3 and C6), we mined the region upstream of the gene start for transcription factor binding motifs (Supplemental Table S7 ). Motifs that almost exclusively contained A's or T's were identified for all clusters. Such stretches of AT could be reminiscent of the TATA box in higher eukaryotes, but were not further considered due to the high AT content of the P. falciparum genome. In clusters C2 and C3, we identified the short motifs STTC and SYTC, respectively. In addition, we observed enrichment for motifs GTG, GWG, and RTGT in clusters C3, C4 and C5, respectively. The reverse complements of these short motifs (CACACA and ACACAC) have previously been shown to be associated with DNA replication (61) and possibly interact with AP2 TFs PF3D7 0802100 and PF3D7 1456000 (47) . In addition, genes in cluster C6 showed enrichment for motif GT-GHA, which has previously been described as the binding sequence of AP2 TF PF3D7 1007700 and is associated with invasion genes (47, (61) (62) (63) .
For genes in clusters showing evidence of posttranscriptional regulation (clusters C1, C4 and C5), we searched the regions upstream of the gene start and downstream of the gene stop for transcription factor or RNA-binding protein motifs. GTG and ACAC motifs were identified in the 500 bp downstream of the gene stop in cluster C5, similar to motifs identified in the 5 UTRs of clusters C3, C4 and C5.These results suggests that the GTG/CAC motif is very common and may be similar to frequently observed TATA stretches. Overall, the lack of specific motifs identified in our analyses emphasizes the need for developing novel experimental designs to discover mechanisms regulating transcripts at the transcriptional and post-transcriptional level.
DISCUSSION
Over the past few years, various studies have analyzed steady-state mRNA abundance throughout the blood stages of malaria parasites (18) (19) (20) (21) 46) . However, steadystate mRNA is the product of transcription, stability, and degradation, and may therefore not accurately reflect transcriptional activity. Here, we present the first genome-wide study that specifically measures the timing and level of transcription during the P. falciparum asexual and sexual blood stages by performing global run-on sequencing. This data set is an invaluable asset towards a better understanding of gene regulation at the transcriptional and posttranscriptional levels during the life cycle of P. falciparum.
The results of our study suggest that transcriptional activity at the ring stage is limited to a small subset of genes encoding erythrocyte-remodeling proteins. However, at this stage of the life cycle, Pol II is already engaged with nearly every promoter in the genome, waiting for an activation signal that initiates a massive burst of transcription at the trophozoite stage. In line with this model, two general transcription factors, PfTBP and PfTFIIE, were previously shown to interact with both active and inactive promoters at the ring stage (64) . Once transcriptional elongation commences at the trophozoite stage, a large proportion of the genome is transcribed in agreement with a study that used the nuclear run-on methodology on individual P. falciparum genes (31). This massive transcription event seems to be somewhat 'leaky', resulting in low-level transcription of genes that are specific for other life cycle stages of the parasite. Since these non-IDC genes are typically not detected in steady-state mRNA, we conclude that their transcripts may be quickly degraded. At the schizont stage, transcription is turned down, except for a subset of invasion-related genes that show upregulation of transcriptional activity, in agreement with a previous ChIP-on-ChIP analysis of Pol II (17) . Finally, as the parasite differentiates into a gametocyte, the transcriptional program remains largely unchanged as compared to the trophozoite stage with some exceptions, including invasion genes that are turned off and motility-related genes that are turned on.
The only genes for which we have been able to confirm an AP2 TF motif are the invasion genes, and together with ring-stage specific genes and virulence genes, these are the only genes that seem to be differentially regulated during the IDC. For the invasion genes, mechanisms that control gene expression include the binding of a specific transcript factor to the promoter region and the attachment of a bromodomain protein, PfBDP1, to acetylated histone H3 (65) . Virulence genes, in particular var genes are controlled by a combination of repressive histone modifications, long noncoding RNAs and localization away from the rest of the genome in perinuclear heterochromatin. In contrast, the massive transcriptional events at both the trophozoite and gametocyte stages are associated with a genome-wide depletion of nucleosomes (12, 13) . In addition, at the trophozoite stage, the promoters of the majority of genes are marked by activating histone PTM H3K9ac. Taken together, these data suggest that a large part of the genome is not regulated by classical eukaryotic mechanisms of transcription initiation that involve local chromatin changes and the presence of specific transcription factors that drive expression of a subset of genes. Instead, the majority of promoters are occupied by paused Pol II, activation of which coincides with genome-wide changes in chromatin structure, including nucleosome depletion (12, 13) , increased chromosomal intermingling (10), nuclear expansion and an increase in the number of nuclear pores (66) . In this model of all-at-once transcription, there is no need for a large array of specific transcription factors and corresponding motifs, which may explain why a larger set of specific transcription factors has remained elusive in Plasmodium spp. to date. This lack of a need for finely tuned transcriptional activity may also explain how the parasite can quickly divide and form 16 -32 daughter cells in a relatively short time frame (<12 h).
The global Pol II pausing that takes place at the ring stage prior to massive transcriptional activity at the trophozoite stage may function as checkpoint before transcription elongation. In metazoans, the release of paused Pol II is mediated by phosphorylation of various proteins, including DRB sensitivity-inducing factor (DSIF, consisting of subunits SPT4 and SPT5), negative elongation factor (NELF), and the carboxyl terminal domain of the large subunit of Pol II at Ser2, by positive transcription elongation factorb (P-TEFb) complex (67) (68) (69) . Inhibition of mammalian PTEFb results a nearly complete block of transcription, suggesting that most active genes experience pausing events that require P-TEFb for elongation activation (55, 56, 59) . These results indicate that P-TEFb is a key regulator for Nucleic Acids Research, 2017, Vol. 45, No. 13 7837 transcription. In Plasmodium, many of the critical regulators, such as subunits of P-TEFb, DSIF subunits, and NELF, involved in Pol II pausing have been identified. The major P-TEFb subunits are cyclin-dependent kinase 9 (CDK9) and cyclin proteins (T1, T2 and K). Four cyclin genes have been described in P. falciparum (PfCYC1-4) (70, 71) , of which only PfCYC4 shows homology to human cyclin T1, T2 and K. In addition, CDK9 is homologous to several parasite kinases, of which CDC2-related protein kinase 1 (PfCRK1) and protein kinase 5 (PfPK5) show the strongest similarity (Blastp E-value <10 −66 ). Studies in higher eukaryotes suggest that the nucleosome landscape, such as the positioning of the +1 nucleosome, could play a regulatory role in pausing by providing an energy barrier for elongating Pol II (72, 73) . The most strongly positioned nucleosomes in P. falciparum are at the start of the coding regions and could act as a barrier for RNA Pol II pausing. Furthermore, Pol II pausing and releasing have also been linked to nascent RNA hairpin structure, RNAs transcribed from enhancers (74, 75) , promoter elements, and template DNA motifs, such as the downstream promoter element (DPE), TATA box and GAGA motif (74, (76) (77) (78) (79) (80) (81) (82) . Unfortunately, due to low sequence homology and AT-richness of the P. falciparum genome, many regulatory mechanisms involved in RNA pol II regulation and pausing, such as enhancers, mediators, chromatin modifiers, and promoter elements, remain undefined. In addition, compared to mammalian polymerases that contain a C-terminal domain (CTD) with 52 identical heptad repeats, the Plasmodium CTD tail of Pol II displays wide variation in terms of length and composition (83, 84) . For example, primate malaria parasites, such as P. knowlesi, P. vivax, P. falciparum, and P. cynomolgi have an increased number of heptads with a high level of variability as compared to malaria parasites infect other species (85) . Additional work will be needed to truly understand how Pol II pausing is established and controlled in Plasmodium parasites. However, the present work established that while more classical regulatory mechanisms of transcription only control subsets of genes, such as invasion genes or var genes, the activation of paused Pol II complexes appears to be an essential genomewide event during the IDC in P. falciparum. The identification of compounds that can specifically inhibit the activity of P-TEFb in the parasite will be a potentially powerful approach toward novel highly effective antimalarial drugs.
The large transcriptional activity that we observed here at the trophozoite and early schizont stages is in partial disagreement with the cascade of transcript abundance that has been observed in steady-state mRNA data sets (18) (19) (20) (21) 46) , but can be explained by a role for posttranscriptional gene regulation. In mature gametocytes, translational latency has been well documented and entails the temporary storage of hundreds of transcripts in ribonucleoprotein complexes of female gametocytes until translation once the parasite has developed into an ookinete inside the mosquito. Evidence is emerging that similar mechanisms control subsets of genes during the IDC. For example, Vembar et al. showed the targeted capture and stabilization of transcripts encoding invasion-related proteins by PfAlba1, followed by release and translation of these proteins at a later time point during the cell cycle (86) . Interestingly, our study shows that invasion-related genes are also regulated at the level of transcription initiation, suggesting that a single group of genes can be subject to regulation at multiple levels. We recently reported that P. falciparum encodes a relatively large number of RNA-binding proteins, and that many of the known translational regulators that act during other stages of the life cycle, such as DOZI and CITH, are also associated with mRNA during the IDC (87) . These results are indicative of widespread control of gene expression at the post-transcriptional level. In addition, post-transcriptional gene regulation could also explain how the similar transcriptional profiles in trophozoites and gametocytes can give rise to widely different cell types.
This study reveals for the first time the transcriptional activity of genes during the intraerythrocytic developmental cycle and gametocyte differentiation. Our main findings are that (1) most genes are actively transcribed at the trophozoite stage, (2) the transcriptional profile of gametocytes is surprisingly similar to trophozoites with the exception of downregulation of invasion genes and upregulation of genes related to motor activity, and (3) Pol II pausing acts as major control mechanism during the IDC, halting transcriptional elongation in the ring stage and once lifted, giving rise to the transcriptional burst at the trophozoite stage. Together, these results provide a much-needed increase in our understanding of P. falciparum biology and suggest that proteins involved in transcriptional elongation may be highly effective targets for anti-malarial therapy.
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